The sapphirine (Sa)-spinel (Sp)-quartz (Qz)-bearing rocks from Paderu occur as lenticular enclaves within the Precambrian khondalite-charnockite terrene of southern India. In addition these rocks contain orthopyroxene (Opx), sillimanite (Sill), garnet (Gt), cordierite (Cd), biotite, potash feldspar (Kf), plagioclase, and symplectites of Cd-Kf-Qz-Opx. The symplectites may have formed from the breakdown of osumilite. Grain contacts of sapphirine and spinel with quartz are rarely observed and the incompatibility with quartz during later stages is displayed by the development of several types of polymineralic reaction coronas. The coronas in the different rock types A, B, etc. are (minerals listed from core to rim of corona): (A-l) sapphirine-bearing rock type without spinel: Sa-Sill-Opx, Sa-Sill-Cd, Sa-Cd-Opx; (A-2) sapphirine and spinel-bearing: Sp-Sa-Sill-Opx-Qz, Sp-Sa-Sill, Sp-Sa-Opx, Sp-Sill-Opx, Sp-Sa-Sill-Gt-Qz, Sa-Sill-Opx, Sp-Sa-Sill-Opx, Sa-Sill-Opx-Gt, Sp-Sa-Opx-Gt, Sp-Sa-Sill-Gt; and (B) spinel-bearing but sapphirine free: Sp-Sill-Opx, Sp-Sill-Gt, Sp-Cd. Commonly the coronas in the rock type A 2 and B also contain ilmeno-hematite + corundum in the core in association with spinel. These rock types also provide textural evidence for later crystallization of Cd, Cd + Sa, and Gt + Qz from Opx + Sill ±Qz and Gt + Sill + Qz.
INTRODUCTION
Sapphfrine-quartz associations have attracted the attention of petrographers and experimental petrologists, because they indicate medium to high-pressure and hightemperature metamorphic conditions. The experimental studies in the MgO-Al 2 O 3 -SiO 2 -H 2 O system (MASH) (Schreyer & Seifert, 1969; Hensen & Green, 1971; Chatterjee & Schreyer, 1972) , the anhydrous MgO-Al 2 O 3 -SiO 2 (MAS) system (Newton, 1972) and the FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O (FMASH) system (Hensen & Green, 1971) give information about the metamorphic conditions and the reactions involved in the formation of sapphirine-quartz associations. Many of the reactions studied experimentally have been Other localities of sapphinne-bearing rocks from Eastern Ghats, India are also shown (based on Grew, 1982) . Am-amphibolite facies, Gr-granulite facies. The amphibolite-granulite facies transition is based on Raith et al. (1983) and our unpublished data.
mal events respectively, whereas the D 3 deformation and syntectonic emplacement of the anorthositic suite took place during 1400 ± 100 Ma (see below). Radiometric age data of the rocks of the Eastern Ghats are too few to reconstruct the sequence of tectonothermal events. A possible sequence may be proposed, based on available data on isotopic studies of these rocks:
(1) a khondalite from Puri, Orissa yielded a Rb-Sr whole rock age of 3090 Ma, which is the oldest recognizable event (Perraju et al, 1979) . This corresponds to a whole rock Rb-Sr age of 3070 Ma for the garnet-sillimanite gneiss from Kerala (Crawford, 1969) and to the 3000 Ma event of high-grade, amphibolite-facies metamorphism and migmatization in the Peninsular Gneiss Complex of Karnataka and Tamil Nadu in southern India (cf. Ramakrishnan et al, 1984) .
(2) Rb-Sr whole-rock age of 2482 and 2695 Ma for the khondalite and intermediate charnockite, respectively, from Visakhapatnam (Perraju et al, 1979 ) and a U-Pb zircon age of 2600 Ma of khondalite from Puri (Vinogradov et al, 1964) correspond to the 2600-2500 Ma event, during which prograde greenschist-to granulite-facies metamorphism took place fn Karnataka andTariiil Nadu (Crawford, 1969; Buhl et al, 1983; Raith et al, 1983) . Besides these, significantly younger ages have also been reported for these rocks e.g., 1570 ±70 Ma for detrital monazitefrom Cuttack, Orissa (Holmes, 1955) ; Rb-Sr whole-rock ages of 2129-1381 Ma for khondalites, charnockites, garnet-sillimanite-gneisses and leptynites from Visakhapatnam (Aswathanarayan, 1964; Crawford, 1969; Perraju et al, 1979) ; Rb-Sr whole-rock ages of 1211 Ma for leptynites from Puri, 1369-1000 Ma for garnetiferous gneisses and porphyritic quartzo-feldspathic rock from Srikakulam, Andhra Pradesh (Perraju et al n 1979) ; 1388 ±22 Ma for xenoliths of khondalite and mafic granulite in by guest on February 14, 2011 petrology.oxfordjournals.org Downloaded from the anorthositic igneous suite from Chilka Lake, Orissa (Sarkar et al., 1981) . These ages of the granulite-facies rocks may represent resetting of the radiometric clock during the later thermal events, due to several phases of igneous activity in these areas.
(3) Radiometric age data for later igneous intrusive activity are: Rb-Sr whole-rock ages 2400, 2100 and 1699 Ma for granitic intrusives from Visakhapatnam (Crawford, 1969) ; a Rb-Sr whole-rock age of 1400 ±89 Ma from the anorthositic suite and a K-Ar age of 848 ± 16 Ma for plagioclase from a norite dyke in the anorthositic suite of the Chilka lake igneous complex (Sarkar et al., 1981) .
(4) K-Ar biotite ages from Visakhapatnam (Aswathanarayan, 1964) and Kondapalli (Grasty & Leelanandam, 1965) indicate the last thermal event (Indian Ocean Cycle) in the Eastern Ghats around 600-450 Ma ago.
The sapphirine-spinel-quartz-bearing rocks in the Paderu (18° 04'N: 82° 42'E) occur as enclaves a few tens of meters long within khondalite or at the contact between khondalite and mafic granulites. These were sampled from the area around Gunduru, about 1-5 km southsouthwest of Paderu. The associated rocks of the area include charnockite (± garnet), enderbites (± garnet), mafic two-pyroxene granulites (+ hornblende, biotite), leptynites, and gneisses with or without garnet.
The sapphirine-bearing rocks of the area have been investigated by Middlemiss (1904) , Walker & Collins (1907) , Crookshank (1930) , Rao (1980) , Grew (1982) , and Ackermand & Lai (1985) . Higgins et al. (1979) and Grew (1982 Grew ( , 1983 also reported the occurrence of kornerupine and grandidierite in the silica undersaturated, sapphirine-bearing rocks of the area. A detailed geological map of the area around Paderu is given by Rao (1980) . One of us (D. Ackermand), in collaboration with L. H. Rao and K. S. Rao of Andhra University, Waltair, India, is investigating the silica saturated and undersaturated sapphirine-bearing rocks of several other localities near Paderu. The result of this work will be published elsewhere.
TEXTURAL RELATIONS AND METAMORPHIC REACTIONS
The rocks of the area are classified into three main types: (A) sapphirine-bearing; (B) spinelbearing but sapphirine-free; (C) sapphirine and spinel-free;
Reaction textures observed in these rocks have been arbitrarily subdivided into Early, Middle, and Late Stages based on the textural relations (see below).
Mineral abbreviations are: Opx = orthopyroxene, Sill = sillimanite, Gt = garnet, Sp = spinel, Sa = sapphirine, Qz = quartz, Kf= potash feldspar (hair perthite), Bio = biotite/ phlogopite, Cd = cordierite, Plag = plagioclase, An( ) = anorthite (per cent), Ilmeno-hem = ilmeno-hematite, Cn = corundum, Ru = rutile.
The minerals present in the different rock types (Table 1) and their textural relations are summarized below. Not all the minerals listed for each rock type are in textural equilibrium and several mineral assemblages are present in a given section (see below).
Type A: sapphirine-bearing Without spinel (A-l)
A-l-1: Opx, Sill, Kf, Qz, Cd, Sa, (Cd-Kf-Qz-Opx) symplectite and Bio A-1-2: Opx, Sill, Gt, Kf, Qz, Cd, Sa, (Cd-Kf-Qz-Opx) symplectite and Bio
With spinel (A-2)
A-2-1: Opx, Sill, Kf, Qz, Sa, Sp, (Cd-Kf-Qz-Opx) symplectite, Bio and Plag Types of coronas: 1711 Sa-Sill-Opx, Sa-Cd-Opx, Sa-Sill-Cd, Sa +Cd symplectite: 303 Sp-Sa-Opx, Sp-Sill-Opx; 302 Sp-Sa-Sill, Sp-Sill-Opx, Sp-Sa-Sill-Gt, Sp-Sill-Opx-Gt, Sp-Sa-Opx, (Sp-Cn-Ilmeno-hem)-Sill-Opx; 321 Sa-Qz, Sp-Qz, Sp-Sill-Opx, Sp-Sa-Sill-Opx-Qz, Sp-Sa-Sill, Sp-Sa-Qz, Sp-Sa-Opx, (Sp-Cn-Ilmenohem)-Sill-Opx, 320, Sp-Sa-Opx; 244 Sp-Sill-Opx, Sp-Sa-Opx, Sp-Sa-Sill-Gt, Sp-Sa-Sill-Opx-Gt, Sa-Sill-Opx, Sp-Sa-Sill-Opx; 258 Sp-Sill-Opx, Sp-Cd; 252 Sp-Sill-Opx, Sp-Cd; 259 no corona; and 295 no corona. -: not observed +: less than 1 modal vol.
A-2-2: Opx, Sill, Gt, Kf, Qz, Sp, Sa, (Cd-Kf-Qz-Opx) symplectite and Bio A-2-3: Opx, Sill, Gt, Kf, Qz, Cd, Sp, Sa, (Cd-Kf-Qz-Opx) symplectite, Bio and Plag (An 30 ) These rocks also contain minor amounts of zircon, rutile, apatite, and lamellar intergrowths of ilmenite-hematite. In places, coarse prisms of corundum are associated with spinel and ilmeno-hematite/hemo-ilmenite. Corundum is not in textural equilibrium with quartz.
Both the type A and B rocks are dark-coloured, medium-to coarse-grained and migmatitic. A prominent foliation is defined by the alignment of coarse prisms of sillimanite, oval masses containing symplectitic intergrowths of Cd-Kf-Qz-Opx, and rare elongated prisms of orthopyroxene. Coarse-grained orthopyroxene (up to 2 cm long) and garnet (up to 1-6 cm in diameter) contain linear trials of corroded prograde biotite and inequant quartz defining an internal schistosity (Sj) which passes uninterrupted into the external schistosity (S c ).
Sapphirine, which commonly contains spinel inclusions in its core, occurs as small prisms up to 01 mm long. It is pleochroic, with X = pale yellow-brown, Y=greenish-blue and Z = deep sapphire-blue. In five samples of type A rocks, sapphirine and spinel are in local grain contact with quartz (Figs. 2A, 2B and 4A), though they are most commonly separated from quartz by the reaction coronas. Osumilite was not found in these rocks (Grew, 1982) , but the ubiquitous presence of symplectitic intergrowths of Cd-Kf-Qz-Opx (Fig. 3F) suggests that it may have been stable during the thermal peak of metamorphism. The breakdown of osumilite to this type of symplectite was first suggested by Schreyer & Seifert (1967) and has since been reported by Berg & Wheeler (1976) , Ellis et al (1980) , and Grew (1982) . The sequence of development of the reaction textures during metamorphism is best documented by the textural relations in rock type A-2-3.
Reaction textures of the Early Stage
These are characterized by polymineralic coronas. Sapphirine and spinel were in equilibrium with quartz during the thermal peak of metamorphism ( Fig. 2A) . Later, sapphirine and spinel in grain contact with quartz were partially rimmed successively by sillimanite and orthopyroxene (Figs. 2B and 4A), while spinel was completely separated from quartz by sapphirint+ sillimanite (Fig. 2C ), sapphirine + orthopyroxene (Fig. 2D ), sillimanite +orthopyroxene (Fig. 2E ), sapphirine + sillimanite+garnet (Fig. 4B ), sapphirine+sillimanite + orthopyroxene (Fig. 2F ), sapphirine + sillimanite + garnet (Fig. 2F) . The common occurrence of ilmeno-hematite/hemo-ilmenite in association with spinel, with or without corundum, in the core of the coronas ( II and Gt II are fine-grained prisms and small granular aggregates respectively. Similar Opx II also occurs as finger-like trails within the (Cd-Kf-Qz-Opx) symplectite and also as overgrowths around coarse orthopyroxene.
Reaction textures of the Middle Stage
These include reactions which did not result in coronas, but in other reaction textures. For example, cordierite and potash feldspar in the fine-grained (Cd-Kf-Qz-Opx) symplectites recrystallized to coarse aggregates. This cordierite contains linear trails of sillimanite and elongated quartz and overprints the fabric of the quartzofeldspathic groundmass. In samples containing coarse porphyroblasts of cordierite in grain contact with orthopyroxene or garnet, there is a tendency for orthopyroxene and garnet to be separated from quartz or sillimanite by a reaction zone of cordierite. Garnet similar to Gt II occurs as small idioblasts commonly symplectitically intergrown with quartz, as overgrowths around coarse garnet (Gt I) and orthopyroxene (Opx I), and also within the (Cd-Kf-Qz-Opx) symplectite. Coarse garnet similar to Gt I occurs in many samples and contains inclusions of spinel, sapphirine and the reaction coronas related to the reaction textures of the Early Stage. Presumably these are recrystallized garnet of a later generation.
Reaction textures of the Late Stage
In all the assemblages of type A, B, and C rocks, variable amounts of retrograde biotite or biotite + quartz symplectite replace orthopyroxene, garnet, cordierite, and (Cd-Kf-Qz-Opx) symplectite.
Not all the rocks of type A-2 preserve the reaction textures of all three Stages. For example A-2-1 and A-2-2 rocks mostly show evidence for reaction textures of the Early and Late Stages.
The rock type A-l contains the coronas and other reaction textures of Early, Middle and Late Stages. As these rocks are devoid of spinel, the reaction coronas are different from those of the A-2 rocks. These are characterized by the corona types Sa-Sill-Opx (Fig. 3A) , Sa-Sill-Cd (Fig. 3B ), Sa-Cd-Opx and Sa-Sill-Opx-Gt. Besides the reaction textures of the Middle Stage given for the A-2-3 rocks, these also contain symplectitic intergrowths of sapphirine + cordierite between orthopyroxene and sillimanite.
Type B: spinel-bearing but sapphirine-free Without garnet (B-l)
B-l-1: Opx, Sill, Kf, Qz, Plag, Sp, (Cd-Kf-Qz-Opx) symplectite and Bio B-l-2: Opx, Sill, Qz, Kf, Cd, Sp, Bio, (Cd-Kf-Qz-Opx) symplectite ±Plag
With garnet (B-2)
B-2-1: Gt, Sp, Opx, Qz, Sill, Kf, Plag (An 39 ) and Bio B-2-2: Gt, Bio, Sp, Qz, Sill, Kf, (Cd-Kf-Qz) symplectite, Cd and Plag (An 30 ) Minor constituents also include the minerals listed for type A rocks (see above). The textural relations of garnet, orthopyroxene, sillimanite, and (Cd-Kf-Qz-Opx) symplectites in this rock type are similar to those of the type A rocks. In a sample of type B-l, spinel occurs in textural equilibrium with quartz. In most samples, however, it is separated from quartz by coronas, viz. Sp-Sill-Opx (in B-l-1, B-l-2, and B-2-1, Fig. 3C ), Sp-Sill-Gt (in B-2-1, Fig. 3E ) and Sp-Cd (in B-l-2, Fig. 3D ). Highly oxidizing conditions during the formation of the coronas inthe Early Stage are evident from the presence of (Sp-Ilmenohem)-Sill-Opx and (Sp-Ilmeno-hem-Cn)-Cd coronas. The types B-l-1 and B-2-1 display reaction textures of the Early and Late Stages only, B-l-2 of all three Stages and B-2-2 only of the Late Stage.
Type C: sapphirine and spinel-free
The textural relations in charnockite, khondalite, leptynite and mafic granulite are not included, in this section. C-l: Opx, Sill, Qz, Kf, (Cd-Kf-Qz-Opx) symplectite, Bio + Gt±Cd±Plag (An 72 ) C-2: Bio, Sill, Kf, Qz, (Cd-Kf-Qz) symplectite Plag±Gt±Cd Minor amounts of zircon, apatite, rutile, magnetite, and ilmenite are also present. No reaction coronas are present and thus these rocks lack reaction textures of the Early Stage, except for the symplectites believed to be a breakdown product of osumilite. The textural relations of the minerals in the type C rocks are similar to those described for type A. The C-l assemblages display reaction textures of the Middle as well as the Late Stage. The imprints of the Late Stage are much more common in type C assemblages than in type A and B assemblages. On the other hand, C-2 rocks preserve only the textures of the Late Stage, for example garnet isolated from potash feldspar by a zone of quartz and randomly oriented sillimanite intergrown with biotite. The ubiquitous presence of magnetite and ilmenite, and the rarity or absence of ilmenite-hematite intergrowths in the type-C rocks suggest less oxidizing conditions during the formation of these, as compared to types A and B.
The variety of reaction textures in the different rock types and reactions inferred from them are summarized in Table 2 . Further discussion is deferred to the section on chemographic relationships and metamorphic reactions. :3SiO 2 (7:9:3) compositions, but lie generally nearer the latter (Fig. 5 ). Sapphirine grains coexisting with orthopyroxene have lower R 2 O 3 than those not associated with orthopyroxene. The X Mt (= Mg/(Mg + Fe)) in sapphirine ranges from 0-72 to 0-82, and the total iron contents (as FeO) up to 12-2 wt. per cent, the highest so far reported for sapphirine from sapphirine-quartz associations. Sapphirine in textural equilibrium with quartz contains more Fe 3+ than most sapphirine in the rocks studied. It is richer in Fe 3 + than sapphirine from the sapphirine-quartz granulites of Antarctica (Ellis et al., 1980; Grew, 1980a, up to 0-13 atoms p.f.u.) , and poorer in Fe 3+ than the sapphirine from Wilson Lake (Higgins et al, 1979,0-47 atoms p.f.u.) and Peekskill, New York (Caporuscio & Morse, 1978, 0-65 atoms p.f.u.) . No significant compositional zoning in individual crystals has been observed. However, the composition varies among individual grains and among grains from the different types of coronas. Examples are as follows: (a) sapphirine overgrowths on spinel coexisting with quartz have a higher X Hl than sapphirine in the Sp-Sa-Sill-Opx coronas; (b) sapphirine in the Sp-Sa-Sill-Gt coronas has lower A" Mg and Fe 3 + than the sapphirine from the Sp-Sa-Sill-Opx coronas; (c) sapphirine from the spinel-free type A-l-1 assemblage has higher X Mt than spinel-bearing type A-2 assemblages. The sapphirine from the A-l-1 rocks occurs in corona types Sa-Sill-Opx, Sa-Sill-Cd and Sa-Cd-Opx.
MINERAL CHEMISTRY Microprobe analyses of sapphirine (
Spinels are essentially solid solutions of spinel-hercynite. X Mf is rather high in the type-A assemblages (0-44-0-62), where spinel is associated with sapphirine, but distinctly lower (0-31-0-39) in the type-B assemblages which are devoid of sapphirine (Table 3 ). The Fe 3 + -content, calculated from the stoichiometry, ranges from 0-04 to 0-20 atoms p.f.u., based on 6 cations. Some of the spinels contain Cr 2 O 3 , ZnO, and rarely NiO up to 1-96, 2-90, and 0-53 wt. per cent respectively. Spinel always has higher Cr 2 O 3 -contents than associated sapphirine. The X Mf and the Fe 3+ content of spinel from the Sp-Sa-Sill-Gt coronas are lower than these from the Sp-Sa-Sill-Opx coronas. (Bohlen & Essene, 1977) . For microprobe technique used for analyses refer to Raith et al. (1983) . A" M , = Mg/(Mg + Fe 2 + ). Garnets consist essentially of the almandine and pyrope components (46-66 and 25-52 mol per cent respectively, Table 4 ). Garnets in A-2 and C-l assemblages have higher X Ml (0-48 to 052 wt. per cent) than those in the type B-2 (029 to 043 wt. per cent). Coarse garnet porphyroblasts of the earlier generation are commonly zoned, with X Mg decreasing from core to rim. The X Mg is consistently lower in garnets from the garnet-quartz symplectites and reaction coronas.
Orthopyroxenes coexisting with sillimanite are aluminous, and contain up to 10-4 wL per cent A1 2 O 3 (Table 5 ). The coarse orthopyroxenes are zoned, and show a marked decrease of A1 2 O 3 and a minor decrease of X Mf from core to rim. Orthopyroxenes associated with the reaction coronas and the (Cd-Kf-Qz-Opx) symplectites have consistently lower A1 2 O 3 compared with coarse orthopyroxenes from the same thin-section. The X Mf of the orthopyroxenes ranges from 0-64 to 074 in rock types A-1, A-2, and C-1 and from 055 to 069 in B-l and B-2.
Cordierites are essentially unzoned; X Mt ranges from 084 to 088 in rock types A-l, A-2, and C, and from 0-78 to 083 in B-l and B-2. The low analtyical sums (Table 6 ) suggest the presence of significant amounts of gaseous species (probably mostly CO 2 , as indicated by the absence of JMa^O^in the structural-channels.
X Mt of biotites and phlogopites from the sillimanite-orthopyroxene assemblages (types A-l, A-2, B-l, B-2, and C, Table 6 ) ranges from 075 to 089. The variation in TiO 2 content, 1 • 16-4-9 wt. per cent TiO 2 , may reflect re-equilibration during the retrograde episode. Sillimanite contains more Fe 2 O 3 in the sapphirine-and spinel-bearing assemblages (types A and B, 073-1-52 wt. per cent) than sillimanite in the type C assemblages (052-056 wt. per cent). Relatively high contents of Fe 2 O 3 in sillimanite are also reported from sapphirine-quartz rocks from Wilson Lake, Labwor, and Peekskill (1-2 to 1-7 wt. per cent, Caporuscio & Morse, 1978; Grew, 19806 
C-l 295
39-3 4-84 13-4 9-73 002 17-4 100 94-69 0761 * Total iron as FeO. F and Cl contents of biotites in the sample no. 302 are 1-5-1-7 and 015-017 wt. per cent and in the sample no. 252 are 1-0-2-5 and 005-008 wt. per cent respectively. NajO is below detection limit in cordierite and biotite/phlogopite. MgO, respectively. Ilmenite from the type C rocks contains 091-092 wt. per cent MnO and 4-7-61 wt. per cent Fe 2 O 3 . X Mt in the coexisting minerals decreases in the order cordierite > biotite > sapphirine > orthopyroxene > spinel > garnet core > garnet rim.
CHEMOGRAPHIC RELATIONSHIPS AND METAMORPHIC REACTIONS
The reaction coronas in the sapphirine-and spinel-bearing rocks suggest disequilibrium during metamorphic crystallization. However, in microscopic domains, the minerals in a corona may have attained local equilibrium. This may be further corroborated by the chemographic relationships.
The sapphirine-and spinel-bearing rocks provide an example of a multi-component and multi-phase system. The phase relations can be portrayed in the model system K 2 O-FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O (KFMASH). This can be further simplified by excluding the K 2 O-bearing minerals osumilite, biotite, and K-feldspar from the discussion of the phase relationships. This is justified, because K-feldspar is ubiquitous and can thus be treated as an excess phase. Moreover osumilite is not preserved in these rocks and thus its composition can not be measured, while biotite and phlogopite are involved in metamorphic reactions mostly during the late retrogressive stage. Thus the phase relations can be discussed in the FeO-MgO-Al 2 O 3 -SiO 2 -H 2 O system (FM ASH). It must be emphasized here that this system is also a simplification, because Fe* 4 " and~Cr 3^ are present in sapphirine and spinel, and Zn in spinel.
We shall begin our discussion by treating MgO + FeO, as well as A1 2 O 3 + Fe 2 O 3 + Cr 2 O 3 as single components, in an (Mg, Fe)O-{Al, Fe, Cr) 2 O 3 -SiO 2 -H 2 O system (Fig. 6) . Despite its limited applicability to complex natural systems, as evident from the intersecting tie lines, the different continuous Fe-Mg exchange reactions involved in the formation of the reaction coronas (Table 2) can be easily deduced from the dispositions of the tie lines.
In the FMASH system, the phase relations can be portrayed in projections from quartz and water onto the.AFM plane (AFM projection), and from sillimanite and water onto the SiO 2 -FeAl 2 O 4 -MgAl 2 O 4 plane (Robinson & Jaffe, 1969 compatibility relations in these projections, and the sequence of development of the reaction coronas (see above) it is possible to portray the metamorphic evolution of the rocks (Fig. 7) . The variety of corona textures developed from the reactions involving Sa + Qz and Sp + Qz and the rarity of the assemblage Sa + Sp + Qz further corroborate the experimental data (Hensen & Green, 1971; Chatterjee & Schreyer, 1972; Newton, 1972) , demonstrating a restricted PT stability field of the compatibility of sapphirine and spinel with quartz. Spinel and sapphirine coexisted with quartz during the thermal peak of metamorphism ( Fig. 7 ; rock types A-l, A-2, B-l, and B-2). During a later stage, spinel and sapphirine were isolated from quartz through continuous and discontinuous Fe 2 + -Mg reactions. In the rock type A-2 (Sa-Sp-bearing), the earliest coronas are Sp-Sa-Sill and Sp-Sa-Opx (see the respective divariant three phase field in Fig. 7 ; A-l and A-2). These corona-types presumably formed by the continuous Fe 2+ -Mg reactions
Reaction (1) is evident from Fig. 6 , in which the sapphirine composition lies in the three-phase field Sp-Sill-Qz, and reaction (2) from the intersection of the Sp-Qz and Sa-Opx joins (Fig.  6 ). In the Mg-poor bulk compositions (rock type-B, Sp-bearing but Sa-free) the Sp-Sill-Gt corona ( Fig. 3E ) (three-phase field of Sp-Gt±Sill±Qz, Fig. 7 ; A-l and A-2) is due to the reaction Sp + Qz;±Gt + Sill.
Reaction (3) is evident from the crossing of the Sp-Qz and Gt + Sill joins (Fig. 6 ). In the Mgrich bulk compositions (rock type A-l, Sa-bearing but Sp-free) the reaction coronas Sa-Sill-Cd (Fig. 3B) and Sa-Cd-Opx (see the respective three phase fields in Fig. 7 ; A-l and 
The intersection of the two-phase field Sp-Sa by Opx-Sill in the AFM projection ( Fig. 7 ; rock type A-l and B-l), and the development of Opx-Sp, Opx-Sa and Opx-Qz joins within the three-phase field Sp-Sa-Qz in the sillimanite projection ( Fig. 7; A-2 and B-2) are related to the discontinuous reaction Sp + Sa+Qz^Opx + Sill.
The textural evidence for reaction (6) is the corona type Sp-Sa-Sill-Opx-Qz (Figs. 2B; 2F, and 4A) in the A-2-3 assemblage. The product minerals and two of the three reactants of reaction (6) (8) will occur in the respective three-phase fields ( Fig. 7 ; B-l and B-2). The corona types Sp-Sill-Opx (Figs. 2E and 3C) and Sa-Sill-Opx (Fig. 3 A) are textural evidence of reactions (7) and (8), respectively. At a later stage, spinel and sapphirine became incompatible with quartz, presumably due to the discontinuous reactions z^Gt + Opx + Sill (9) Sa + Qz^Opx + Cd + Sill (10) Sp + Qz^Gt + Sill + Sa.
Reactions (9) and (10) are evident, from the plot of spinel and sapphirine compositions within the three-phase fields of Gt-Opx-Sill and Cd-Opx-Sill in the AFM projection ( Fig. 7 ; B-l and C-l) and the intersections of the Sp-Qz and Sa-Qz joins with the Gt-Opx and Cd-Opx joins in the sillimanite projection ( Fig. 7 ; rock type B-2 and C-2). Reaction (11) is documented by corona type Sp-Sa-Sill-Gt-Qz (Figs. 4B and 2F ). The topology of the AFM projection related to this reaction is shown in Fig. 8 . Because of reactions (9), (10) and (11), spinel and sapphirine were not in equilibrium with quartz, and therefore further development of coronas took place through reactions in silica-undersaturated bulk compositions ( Fig. 7 ; B-2 and C-2). These include the corona types Sp-Sa-Sill-Opx (reaction 12) and Sp-Sill-Opx-Gt (reaction 13)
Gt.
The intersection of the Opx-Sp join by Gt-Sa ( Fig. 7 ; rock type C-2 and D-2) is due to the discontinuous reaction Opx + Sill + Sp^Gt + Sa.
The texture documenting reaction (14) is the corona type Sp-Sa-Sill-Opx-Gt. The corona types Sa-Sill-Opx-Gt and Sp-Sa-Sill-Gt were formed in the three-phase fields Sa-Opx-Gt and Sa-Sp-Gt in the sillimanite projection ( Fig. 7; D-2 Hensen & Green (1971) . The invariant point / 13 and the univariant reactions (heavy lines) are based on the experimental data of Schreyer & Seifert (1969) and Newton (1972) for the MAS system. Osumilite breakdown reactions (dashed lines, Ellis et al^ 1980) for the KMAS system are also shown. The inferred PT trajectory is depicted by a dashed arrow. En-Enstatite. For the other mineral abbreviations refer to the section on textural relations. Numbers in parentheses correspond to those given in Table 2. exchange reactions
Other reaction coronas are Sp-Cd (Fig. 3D ) in rock type B-l-2 and Sp-Sa-Cd-Opx (Fig.  4C ) in type A-2, which are related to the reactions Sp + Qz^Cd (17) Cd + Sp ^ Sa + Opx.
These reactions are not consistent with the topology of the AFM and sillimanite projection portrayed in Fig. 7 and are discussed in the next section (see below). The coexistence of all the reactants and products of reactions (6), (11), and (14) in the coronas suggests that these univariant reactions become divariant due to incorporation of the~additionar component Fe 2 O 3 .
The common occurrence of ilmeno-hematite/hemo-ilmenite in association with spinel, with or without corundum, in the cores of the coronas (Fig. 2E) 17 and 19, Fig. 3D ).
With the incompatibility of Sa + Qz and Sp + Qz, the reactions in the silica-saturated domains will occur without involving Sa and Sp. The intersection of the Opx-Sill and Opx-Qz fields with the Gt-Cd join in the AFM (Fig. 7; C-l and D-l) and sillimanite projections ( Fig. 7; C-2 and D-2) , respectively, may be attributed to a discontinuous reaction
The continuous Fe 2 + -Mg exchange reactions preceding and also following the completion of reaction (21) did not result in coronas, but in other reaction textures. These reactions in the three-phase fields Opx-Cd-Sill, Opx-Gt-Sill ( Fig. 7 ; rock type C-l), Gt-Cd-Sill and Gt-Cd-Opx ( Fig. 7 ; D-l) of the AFM projection include Opx + Sill + Qz^Cd (22) Opx + Sill^Gt + Qz (23) Gt + Sill + Qz^Cd (24) Cd + Opx -Gt + Qz.
The textural evidence for reactions (22) and (24) are the crystallization of coarse porphyroblasts of cordierite in association of Opx/Gt-Sill-Qz, the modal decrease or absence of one of the three reactant minerals (usually sillimanite or quartz), and resorption of orthopyroxene/garnet by cordierite. The occurrence of garnet + quartz symplectite, which tends to isolate Opx from Sill or Cd, suggests reactions (23) and (25). Besides the textural evidence for reactions (22) to (25), rock type A-l-1 also contains symplectitic intergrowths of Sa + Cd between Opx + Sill. This texture presumably developed by the reaction Opx + Sill ^Sa + Cd
In all the assemblages of the rock types A, B, and C, variable amounts of retrograde biotite, biotite and quartz symplectite, and fine needles of sillimanite intergrown with biotite replace orthopyroxene, garnet, cordierite, K-feldspar, and (Cd-Kf-Qz-Opx) symplectite. These textures may be attributed to the hydration reactions (27) to (30).
Cd + Opx + KJ+V^Bio + Qz (27) Gt + Cd + Kf+V^± Bio + Sill + Qz (28)
PETROGENETIC GRIDS AND P-T-X RELATIONSHIPS

A petrogenetic PT grid for the FMAS system
Based on the experimental data of Hensen & Green (1971) , such a grid is shown in Fig. 8 . The grid includes the invariant point 7 13 (Schreyer & Scifert, 1969) , involving the phases Sa-Cd-Opx-Qz-Sill in MAS, and the osumilite breakdown reactions (Ellis et al., 1980) in KMAS. The invariant point 7 13 is metastable in the MASH system, because of the formation by guest on February 14, 2011 petrology.oxfordjournals.org Downloaded from of melt at 1000 °C and P> 10 kb (Chatterjee & Schreyer, 1972; Newton, 1972) . According to Newton (1972) , the invariant point J 13 (with Sa 2:2:1) is stable under the nearly anhydrous conditions of the granulite fades (800°C/8 kb). With Mg = Fe 2+ substitution, the invariant point / 13 shifts to lower pressures relative to the MAS system (Hensen & Green, 1971) .
In the PT grid of the FMAS system, the relative positions of the invariant points [Sp], [Opx] and [Sill] and the dP/dT slopes of the uni variant reactions (except the (Sa) reaction at the invariant point [Sp], cf. Newton, 1972) are based on the experimental data of Hensen & Green (1971) in the FMASH system. Sapphirine composition has been taken as 7:9:3 for constructing the grid, because it is closer to compositions of naturally occurring sapphirines than the 2:2:1 composition (Hensen & Green, 1971) inferred to be stable in the FMASH and MASH systems. Hensen (1971) Grew, 1982) . We have shown the invariant point [Cd] as stable (Fig. 8) , which is implied by the continuous reactions inferred from the corona textures and by the discontinuous reactions postulated from the chemographic relationships. The PT trajectory can be inferred to have followed the course of decreasing P and T (retrograde) from the invariant points [Cd] to [Sp] . This is further corroborated from the estimated /T-conditions derived from the different models of geothermobarometry.
The sapphirine-spinel-quartz-bearing parageneses are suitable for estimating the PT conditions of metamorphism from recently calibrated anhydrous mineral equilibria. Temperature has been estimated at pressures of 6-5 kb (core) and 5 kb (rim) on the basis of the garnet-orthopyroxene Fe-Mg exchange equilibrium (number of samples given in parantheses): core compositions (17) 900±60°C and rim compositions (8) 760 ± 50 °C (Harley, 1984) ; core (17) 1000±50°C, rim (8) 84O±6O°C (Sen & Bhattacharya, 1984) . The latter probably overestimates temperature by at least 100 °C for these rocks.
Pressure has been estimated using the mean temperature of 900 and 760 °C (Harley, 1984) for the core and rim compositions, respectively: (a) alumina-content of orthopyroxene coexisting with garnet (Harley & Green, 1982) : core (23) 7-O±O-9kb, rim (2) 4-4 kb; (b) garnet-sillimanite-quartz-rutile-ilmenite equilibrium (Bohlen et al., 19836) : core (16) 6-5 ±0-3 kb,rim(3)60±0-1 kb;and(c)garnet-orthopyroxene-plagioclase-quartzequilibrium: core (8) 6-8 ± 0-8 kb, rim (2) 4-5 ± 0-3 kb (Newton & Perkins, 1982) ; core (8) 5-7 ± 0-6 kb, rim (2) 5-3 ±0-7 kb (Bohlen et al, 1983a) .
Mean values of temperature (Harley, 1984 , garnet-orthopyroxene model only) and pressure estimated from the above models are 9OO±6O°C/6-5±O-7 kb (core) and 760±50°C/50±0-6 kb (rim). This suggests a decrease of P and T in agreement with the retrograde trajectory qualitatively deduced from the PT grid (Fig. 8) .
Nonetheless several questions remain unanswered from the PT petrogenetic grid:
(1) Could the invariant point [Cd] be metastable in the FMAS system (Hensen, 1971) , but stable in natural sapphirine-and spinel-bearing parageneses due to Fe 2 O 3 as an additional component? In the sapphirine-spinel-bearing rocks from Paderu and other areas, the continuous Fe-Mg exchange reactions related to the univariant reactions emerging from the invariant point [Cd] in the FMAS system are from assemblages in which high Fe 3 + contents in sapphirine and spinel, as well as the opaque mineralogy, suggest metamorphic crystallization in an environment of high oxygen fugacity. Hensen (1986) has theoretically studied the influence of oxygen fugacity in the system Fe-Mg-Al-Si-O, involving the phases by guest on February 14, 2011 petrology.oxfordjournals.org Downloaded from cordierite, sapphirine, hypersthene, garnet, spinel, sillimanite, and quartz. He has proposed P-T petrogenetic grids in this system for low and high/ O:i . According to him, the [Cd] invariant point is metastable at low/ 02 (cf. Hensen, 1971) but becomes stable at high/ 02 .
(2) In some samples of these rocks from the Paderu area, Cd-Sp and Sp-Sa-Cd-Opx coronas are present which suggest PTconditions near the invariant points [Sill] and [Opx] (Fig. 8), i.e. at a lower P than the invariant point [Cd] . However, samples from Paderu displaying reaction coronas inferred to have formed near the invariant points [Cd] , [Sp] , [Opx] , and [Sill] are found in localities only a few hundred meters apart. Such an abrupt changes of P over such a small area seems unlikely. The experimental data of Newton (1972) demonstrate that hydrous cordierite is stable at higher pressures (up to 3-4 kb) than anhydrous cordierite. It is, therefore, necessary to evaluate the effects of the additional component Fe 2 O 3 and the activity of water on the mineral parageneses.
The diagrams /i FeO vs. fi Fe2Oi and n HiO vs. fi Fc2Oi portray qualitatively the possible factors responsible for the difference in behavior of natural sapphirine and spinel-bearing parageneses from the MAS and FMAS model systems. The stoichiometric coefficients of the reactions in the MAS and FMAS systems have been calculated from the mineral compositions given in Table 7 , which are based on the microprobe data listed in Tables 3-6. These reactions have been used to construct the petrogenetic grids /i Fe2O3 vs. fi FtO and /i H2O vs. /i Fe2 o 3 at a constant pressure and temperature (900°C/6-5 kb). The relative slopes of the reactions for these grids have been calculated from the stoichiometric coefficients of the pertinent oxides, viz. FeO, Fe 2 O 3 , and H 2 O, following the procedure given in Ferry & Burt (1982) . Newton & Wood (1979) (Fig. 9) . Because /i FeO and H rcjOi affect the FeO/MgO and Fe 2 O 3 /FeO ratios in the rocks, it is possible to relate the host rock FeO and Fe 2 O 3 contents with the phase relations projected onto the MAS system. This approach is an alternative to the P-X (Fe-Mg) and T-X (Fe-Mg) sections through the P-T-X (Fe-Mg) space used by Thompson (1976) to show the compositional variation in the coexisting phases that are participating in continuous reactions.
The MF^OJ VS-/<Feo diagram (Fig. 9) suggests:
(1) Sapphirine should be unstable at high fi Fc0 , in agreement with the restricted occurrence of sapphirine in rocks of high X Mg bulk compositions (Seifert, 1974) . The formation of the Sa + Qz and Sp + Qz associations should be favoured by conditions of high oxygen fugacity (i.e. high /i F c 2 o 3 )-The prevalence of high oxygen fugacity during the Early Stage of reactioncorona formation in the Sa-Sp-Qz rocks of Paderu is evident from: (1) high contents of Fe 3 + in spinel, sapphirine and sillimanite; (2) higher Fe 3+ in sapphirine from the Sa + Qz association than in average sapphirine in the analysed rocks of the Paderu area; and (3) the ubiquitous association of ilmeno-hematite/hemo-ilmenite associated with spinel in the different types of coronas.
(2) At relatively high oxygen fugacities, as /i FeO increases, the assemblages Sa + Qz (rock type A-1 -1), Sa + Sp + Qz (A-2) and Sp + Qz (rock type B) should appear in succession. Thus it is evident that at similar PTconditions there is considerable overlap in the stability fields of Sp-Qz and Sa-Qz, due to variations in the activities of area both spinel and sapphinne begin to react with quartz simultaneously to form reaction coronas (see Fig. 2A ). On the other hand, Fig. 8 shows that the Sp-Qz association is stable at higher temperature than the Sa + Qz assemblage.
(3) The invariant points [Cd, Sa] and [Cd, Gt] are stable in the n FeiO , vs -MFeo diagram (Fig. 9) at high H FC2 Q 3 , as is evident from the coronas and the related reactions. The invariant points [Cd, Sa] and [Cd, Gt] correspond to the univariant reactions (9) and (6) respectively, emerging from the invariant points [Cd] in the PTgrid shown in Fig. 8 . This suggests that the invariant point [Cd] in the PT grid could be stable at high oxygen fugacity (cf. Hensen, 1986) and may be metastable in the synthetic FM ASH system under reducing conditions (Hensen, 1971; Hensen & Green, 1971) .
(4) The n Fe20} vs. // FeO diagram suggests that crystallization of garnet should be favoured in a reducing environment, in agreement with the experimental data of Hsu (1968) and in rocks of FeO-richer bulk compositions (high n FcO ).
(5) The rock types A-2-1 and B-1 -1 display corona textures suggesting formation through the reactions near the invariant point [Cd, Gt] . On the other hand, the rock types A-2-2, A-2-3, and B-l-2 are characterized by reaction coronas and other reaction textures evidently related to the reactions involved near the invariant points [Cd, Gt] , [Qz, Cd] , and [Sp, Sa] . A decrease in oxygen fugacity during the crystallization of these rocks, i.e. reaction coronas formed due to reactions at the invariant points [Cd, Gt] to [Sp, Sa] , may be at least partly attributed to earlier crystallization of the minerals with a higher content of Fe 3+ , such as sapphirine, spinel and ilmeno-hematite/hemo-ilmenite. These minerals no longer react with minerals in the matrix, because of armoring by coronas formed through the reactions at the invariant point [Cd, Gt] . Thus the 'effective' Fe 2 O 3 -content of the matrix was reduced, resulting in the formation of later coronas and other reaction textures near the [Qz, Cd] and [Sp, Sa] under less oxidizing conditions. Thus sapphirine and spinel in the Sp-Sa-Sill-Gt corona (reaction 16) have lower Fe 3 + compared to those associated with the Sp-Sa-Sill-Opx corona (reaction 12).
(6) The type C-l rocks lacking spinel and sapphirine do not display reaction coronas, but the textural and chemographic relations suggest reactions near the invariant point [Sp, Sa] . Low contents of Fe 2 O 3 in sillimanite, the common presence of ilmenite, and the absence of ilmeno-hematite/hemo-ilmenite attest to crystallization under conditions of relatively low oxygen fugacity (low n FciOi ) compared to the type A and B assemblages.
(7) Rock type A-1 -1 has coronas and other reaction textures suggesting formation near the invariant points [Gt, Sp] and [Sp, Sa] . Sapphirine, cordierite, and orthopyroxene, in the corona formed through the reactions at the invariant point [Gt, Sp] , contain higher A" Mg in the A-l-1 rocks than in the corresponding A-2 and B assemblages.
(8) Rock type B-2-1 is characterized by reaction coronas which suggest their crystallization in Fe 2 O 3 -and FeO-rich bulk compositions (high /i Fe2Oj and /i FeO ) near tne invariant point [Cd, Sa] . This is evident from lower X Mg in garnet, spinel, and orthopyroxene than in rock type A, and from the high content of Fe 2 O 3 in sillimanite. Variable water activity is portrayed in such a diagram in Fig. 10 . The invariant points not involving cordierite reactions are metastable in this grid, because the slopes of the reactions are parallel to the // HlO -axis. The grid suggests that crystallization of cordierite should be favoured by an increase in the activity of water (/i H2 o)> as demonstrated experimentally by Newton (1972) . The corona type Sp-Cd occurs in rock type B-l-2. It is evident from the grid that this corona can form at high /i Fe2O3 and high /z HjO through the reaction (17). Similarly, the corona type Sp-Sa-Cd-Opx (reaction 18) in rock type A-2-3 may form at high /* H2O and moderate to high MFC 2 O 3 -An increase in fi HlO is indicated by the low analytical totals of the cordierites.
Comparison of the P-T-X relationships with other areas of Sa-Sp-Qz rocks
The relative FeO and Fe 2 O 3 contents in the bulk compositions of the sapphirine-spinel-quartz-bearing rocks from other terranes can be deduced from the types of coronas and other reaction textures, if we assume that the PT conditions during the crystallization of these rocks were similar to those portrayed in the n FeiOi vs -MFCO diagram (Fig. 9) .
At Peekskill, New York (Caporuscio & Morse, 1978) and Wilson Lake, Labrador (Morse & Tally, 1971; Meng & Moore, 1972) , the sapphirine-spinel-quartz rocks display reaction coronas, viz. Sp-Sill-Opx, Sp-Sa-Opx and Sa-Sill-Opx (reaction 7, 2, and 8), suggesting their crystallization Jiear_the invariant 4>oint_ [_Cd^Gt] . The_pre_valence of high oxygen fugacity during their crystallization is evident from high Fe 3+ -contents of sapphirine, spinel, and sillimanite and the ubiquitous presence of ilmeno-hematite/hemo-ilmenite.
The sapphirine-quartz rocks described by Grew (1980a) from Enderby Land, Antarctica, are Mg-rich and contain low Fe 3+ in sapphirine and sillimanite. The textural relations in these rocks document evidence for reactions (4), (5), and (8), which suggests relative MFCO^FCJOJ conditions near those of invariant point [Gt, Sp] . Ellis et al. (1980) proposed for the sapphirine-bearing rocks of the Gruf complex, Italian Central Alps (Droop & Bucher-Nurminen, 1984) and Limpopo belt (Windley et ai, 1984) , in agreement with the model of crustal thickening by continental collision and overthrusting.
The preservation of spectacular multi-phase reaction coronas in the Sa-Sp-Qz rocks of Paderu can thus be attributed to: (a) a moderate to steep decompressive retrograde P-T-t path, suggesting rapid uplift at high temperatures near the thermal peak of metamorphism; (b) refractory or less reactive minerals, e.g. Sa, Sp, Sill, Gt etc., participating in the reactions forming coronas; and (c) rather anhydrous conditions of metamorphism, because hydration reaction (26-30, see above) of the Late Stage are likely to obliterate the coronas (rock types C, in contrast to types A and B, are devoid of reaction coronas. Instead, evidence of Late Stage reactions, during which retrograde biotite formed, is widespread in type C).
The investigation of sapphirine-bearing rocks, which preserve signatures of the different stages of metamorphic crystallization in the form of coronas, symplectites and other reaction textures, can be highly rewarding in unraveling the complex Precambrian crustal evolution.
